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We consider a class of models in which thermal dark matter is lighter than an MeV. If dark matter
thermalizes with the Standard Model below the temperature of neutrino-photon decoupling, equili-
bration and freeze-out cools and heats the Standard Model bath comparably, alleviating constraints
from measurements of the effective number of neutrino species. We demonstrate this mechanism
in a model consisting of fermionic dark matter coupled to a light scalar mediator. Thermal dark
matter can be as light as a few keV, while remaining compatible with existing cosmological and
astrophysical observations. This framework motivates new experiments in the direct search for
sub-MeV thermal dark matter and light force carriers.
The expectation of new physics at the electroweak scale
has motivated the search for dark matter (DM) in the
form of weakly interacting massive particles (WIMPs)
with mass 10 GeV . m
DM
. 1 TeV. However, no di-
rect signs of WIMPs have been observed to date [1–
6]. From a bottom-up perspective, astrophysical obser-
vations constrain the mass of DM to lie anywhere be-
tween 10−31 GeV and 1058 GeV. The lack of evidence
for the WIMP paradigm thus leaves an overwhelmingly
vast range of viable DM masses. However, the WIMP is
only a specific example of DM that is thermally generated
from the Standard Model (SM) bath, and in such models
the acceptable range of masses is significantly reduced.
If DM acquires its abundance through thermal con-
tact with the SM, perturbative unitarity of the theory
dictates that mDM . O(100) TeV [7]. Although no
similar theoretical inconsistencies arise for small masses,
mDM & O(1) MeV is often quoted as a robust lower
bound on the mass of thermal DM. It has been argued
that any sub-MeV relic that is in thermal contact with
the SM below the temperature of neutrino decoupling
necessarily leads to measurable deviations in the expan-
sion rate of the universe [8–15]. During radiation domi-
nation, the expansion rate is determined by the number
of relativistic degrees of freedom, or, equivalently, by the
effective number of neutrino species, Neff, at low temper-
atures. The value of Neff is constrained by the successful
predictions of Big Bang nucleosynthesis (BBN) and ob-
servations of the cosmic microwave background (CMB).
Thermal DM lighter than an MeV can substantially al-
ter the observed value, Neff ' 3, by heating or cooling
neutrinos relative to photons or by contributing directly
to the energy density as dark radiation.
In this Letter, we propose a novel mechanism to gen-
erate sub-MeV thermal relics that can be applied to a
large class of models. Our key observation is that if a
light state enters thermal equilibrium with the SM after
neutrino-photon decoupling, then the constraints from
measurements of Neff during BBN and recombination are
significantly relaxed.1 If this light state couples only to
neutrinos, equilibration draws heat from the SM bath
without changing Neff. Later, when the species decou-
ples, the neutrino bath is heated. Alternatively, if the
light state couples only to photons, equilibration and de-
coupling increases and lowers Neff, respectively. In ei-
ther case, modifications to Neff are reduced at late times.
Although this idea can be applied to any light thermal
relic, we will focus on the production of DM. In this case,
thermal DM as light as the warm DM limit, ∼ keV, is
possible. Our study strengthens the case for new tech-
nologies in the search for sub-MeV thermal DM, such as
superconducting detectors [24–27].
In the standard WIMP freeze-out paradigm, DM, de-
noted by χ, enters equilibrium with the SM at early times
and acquires a large thermal abundance. As the universe
cools below the DM mass, its number density decreases as
long as it remains in chemical equilibrium with the SM. If
annihilations into SM particles are responsible for main-
taining chemical equilibrium, the rate is proportional
to the thermally-averaged cross-section 〈σv〉 ∼ α2χ/m2χ.
Thermal DM lighter than a GeV necessarily requires the
presence of a new light mediator [28, 29]. The DM and
SM sectors can be equilibrated through mediator decays
and inverse decays. The corresponding rate is given by
Γχ eq ∼ α′χm2χ/T , where mχ/T is a relativistic time-
dilation factor and we have assumed similar masses for
the DM and the mediator. Equilibrium is achieved when
Γχ eq overcomes the Hubble expansion rate, H ∼ T 2/mPl,
at a photon temperature of T = Tχ eq, where mPl is
the Planck mass. A rephrasing of the standard WIMP-
miracle estimate implies that χ saturates the observed
relic abundance for
mχ ∼
(
αχ/α
′
χ
)1/3
(Teq/mPl)
1/6
Tχ eq , (1)
1 Delayed thermalization has been used to alleviate cosmological
constraints on light hidden sectors [16–18] and sterile neutrinos,
e.g., in regards to the LSND anomaly [19–23].
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FIG. 1: Temperature evolution (normalized to the photon
temperature) of the neutrino (upper, solid purple line) and
DM (lower, solid cyan line) sectors in a model with a Majo-
rana fermion, χ, coupled to a light real scalar mediator, ϕ.
Note that the temperature of the photon bath decreases from
left to right. Relative to the standard cosmology (dotted pur-
ple line), DM equilibration cools the SM neutrinos, while DM
decoupling increases their temperature to a value close to the
SM expectation.
where Teq ' 0.8 eV is the temperature at matter-
radiation equality. Neutrinos decouple from the pho-
ton plasma at a temperature of T ν dec ∼ 2 MeV [30].
Equation (1) implies that DM enters thermal equilib-
rium after neutrino decoupling (Tχ eq . T ν dec) for mχ .
keV× (αχ/105 α′χ)1/3. In this case, αχ  α′χ is required
to evade warm DM limits, which exclude mχ below a few
keV. This hierarchy of couplings is possible if DM anni-
hilations are enhanced relative to the decays of the light
mediator into SM particles, e.g., through resonant pro-
cesses or if the mediator interacts feebly with the SM, as
in models of secluded DM [31].
Most investigations into the effects of additional light
degrees of freedom assume that the new species is already
in thermal equilibrium with the SM bath before neutrino-
photon decoupling at T ν dec ∼ 2 MeV. We consider the
complementary case in which a sub-MeV DM species, χ,
enters thermal equilibrium with the SM at temperatures
below T ν dec. New light particles that couple to electro-
magnetism are severely constrained by the anisotropies
of the CMB and the observed cooling rates of stars and
supernovae [32, 33]. For simplicity, we will therefore fo-
cus on the case in which χ couples exclusively to SM
neutrinos. Even then, this new species can change the
expansion history of the universe and thus may disrupt
nucleosynthesis and recombination.
The formation of light nuclei occurs when the temper-
ature of the photon bath falls in the range 50 keV . T .
1 MeV. The presence of additional relativistic degrees
of freedom during nucleosynthesis alters the predictions
for the primordial abundances of light nuclei, such as
Helium-4 and deuterium. For example, if Neff > 3, neu-
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FIG. 2: Evolution of the effective number of neutrino species,
Neff, for the scenario in Fig. 1 (solid line). The dark sector
equilibrates with the neutrinos after they decouple from the
photon bath. The horizontal dashed lines correspond to the
estimates in Eq. (6). The dotted line shows Neff if the dark
sector equilibrates before neutrino decoupling.
trons freeze out earlier due to the increased expansion
rate of the universe, resulting in a larger neutron to pro-
ton ratio at the onset of BBN and hence an enhanced
Helium-4 yield. If the baryon density is fixed by the ob-
served abundances of Helium-4 and deuterium, detailed
considerations of BBN alone bound Neff ' 2.85 ± 0.28
during nucleosynthesis [34]. Observations of the CMB
angular power spectrum by the Planck satellite are also
sensitive to the total radiation energy density at the
time of recombination. Current measurements restrict
the effective number of neutrino species at the time of
photon decoupling with unprecedented precision, Neff '
3.15 ± 0.23, in impressive agreement with the standard
ΛCDM prediction of Neff ' 3.046 [33]. Future CMB-S4
observations will be sensitive to deviations at the level of
∆Neff ' ±0.027 [35]. The effects of a light dark sector on
the expansion rate during these two well-studied epochs
can therefore be encapsulated in the time evolution of
Neff.
2
The temperature evolution of the neutrino and χ popu-
lations can be derived from the conservation of the sum of
their comoving energy or entropy densities. The effective
number of relativistic degrees of freedom, gi∗, in each pop-
ulation, i = ν, χ, γ, determines the entropy density, si ≡
(2pi2/45) gi∗ T
3
i , and energy density, ρi ≡ (pi2/30) gi∗ T 4i ,
where Tγ ≡ T . Note that gχ∗ includes contributions from
additional particles in the DM sector. For three genera-
tions of SM neutrinos, we have gν∗ ≡ (7/8)×3×2 = 21/4.
2 Neutrino heating or cooling also directly affects the rate of the
lingering neutron-to-proton conversion during BBN. We ignore
this effect since we are most interested in times well after the
freeze-out of weak interactions [11, 12].
3If χ equilibrates with the SM neutrinos below T ν dec
while relativistic, the energy density of the χ-neutrino
bath, ρν+χ ≡ ρν + ρχ, scales as a−4, where a is the
scale factor [14]. This observation, together with entropy
conservation of the photon bath, implies
(gν∗ ξ
4
ν + g
χ
∗ ξ
4
χ)/(g
γ
∗ )
4/3 = constant (2)
before and immediately after equilibration, where ξi ≡
Ti/T is the temperature of species i normalized to the
photon temperature [36]. We also define ξSMν as the value
of ξν in the standard cosmology, such that ξ
SM
ν (T &
me) ≡ 1, ξSMν (T . me) ≡ (4/11)1/3, in the instanta-
neous decoupling approximation. The value of ξχ before
electron decoupling and DM-neutrino equilibration is de-
noted as ξ0χ and encodes the UV-sensitivity of our model.
Below Tχ eq, the entropy densities of the χ-neutrino bath,
sν+χ ≡ sν + sχ, and of the photons, sγ , separately scale
as a−3. This implies that
(gν∗ ξ
3
ν + g
χ
∗ ξ
3
χ)/g
γ
∗ = constant (3)
before and after χ becomes non-relativistic. Equa-
tions (2) and (3) can be used to determine the tempera-
ture evolution of the neutrinos and the dark sector. The
effective number of neutrino species is then given by
Neff ' 3
[(
ξν
ξSMν
)4
+ Θ(Tχ −mχ) g
χ
∗
gν∗
(
ξχ
ξSMν
)4 ]
, (4)
where the step function encodes the instantaneous decou-
pling of χ when its temperature drops below its mass,
Tχ . mχ < MeV [36, 37]. Note that Eq. (4) reduces
to Neff ' 3 in the standard cosmology with gχ∗ = 0 and
ξν = ξ
SM
ν . We have approximated 3.046 ' 3, neglect-
ing the partial heating of neutrinos from e± annihila-
tions [38, 39].
The contribution of the DM sector to the observed
value of Neff depends on the ordering of the tempera-
tures at which χ enters and exits equilibrium with the
SM (Tχ eq  mχ and Tχ dec ∼ mχ, respectively) relative
to T ν dec ∼ 2 MeV and the temperature at which nu-
cleosynthesis has effectively concluded, TBBN ∼ 50 keV.
The possible orderings are
1. TBBN < T ν dec < Tχ eq
2. TBBN < Tχ dec < Tχ eq < T ν dec
3. Tχ dec < TBBN < Tχ eq < T ν dec
4. Tχ dec < Tχ eq < TBBN < T ν dec . (5)
The first scenario above corresponds to standard weak-
scale WIMPs, where χ enters equilibrium with the SM
before neutrino-photon decoupling. In the following
three cases, χ thermalizes with the SM neutrinos after
they have decoupled from photons. The values of Neff in
the latter scenarios are readily estimated using Eqs. (2)-
(4). The effective number of neutrino species is given
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FIG. 3: Values of gχ∗ (the effective number of sub-MeV dark
sector states) and ξ0χ (the initial dark sector-to-photon tem-
perature ratio) compatible with the effective number of neu-
trino species at the time of nucleosynthesis (green) and recom-
bination (blue) within 2σ. Contours labeled BBN (#2−#4)
denote the temperature orderings of Eq. (5). The represen-
tative model space (red) corresponds to a dark sector with a
DM scalar or Majorana fermion and a scalar mediator.
by
Neff '
(a) 3
(
1 +
gχ∗
gν∗
ξ0 4χ
)
(b) 3
(
1 +
gχ∗
gν∗
)1/3 (
1 +
gχ∗
gν∗
ξ0 4χ
)
,
(6)
before/during and after χ is in kinetic equilibrium with
the neutrino bath, respectively. In scenario 2 of Eq. (5),
χ enters and exits kinetic equilibrium with the neutrino
bath during nucleosynthesis and Neff evolves through (a)
and (b) in Eq. (6) during BBN. In scenarios 3 and 4 of
Eq. (5), χ decouples after nucleosynthesis has concluded.
In this case, Neff only takes the form of (a) in Eq. (6)
during BBN. For every temperature ordering of Eq. (5),
Neff is given by (b) in Eq. (6) at the time of recombina-
tion, relevant for measurements of the CMB. In Figs. 1
and 2, we show the temperature evolution of ξν,χ and
Neff, respectively, for scenario 3 of Eq. (5) in the DM
model described below. These results were obtained by
solving Boltzmann equations for the neutrino and DM
energy and entropy densities without relying on the in-
stantaneous decoupling approximation. This numerical
treatment agrees well with the approximate results of
Eq. (6) and justifies their use in the remainder of this
work.
The analytic results of Eq. (6) show that for ξ0χ . 1,
constraints on Neff are relaxed. If the DM sector is
colder than the SM before equilibration (ξ0χ  1), then
Neff ' 3 (1 + gχ∗ /gν∗ )1/3 at late times. This is signifi-
cantly reduced compared to the standard result, Neff '
3 (1 + gχ∗ /gν∗ )
4/3
, when Tχ eq & T ν dec, as shown in Fig. 2.
Also in this limit, Neff ' 3 while χ is relativistic and in
4equilibrium with the neutrino bath, as required by con-
servation of comoving energy. Our scenario is different
from the usual “loophole” where a cold dark sector does
not equilibrate with the SM during DM freeze-out. If the
initial χ population is cooler than the SM plasma, then
equilibration with the neutrino population drains neutri-
nos of thermal energy, lowering ξν below the standard
prediction. This effect also increases ξχ, which counter-
acts large changes to Neff (see Eq. (4)). Once χ decou-
ples, conservation of comoving entropy demands that it
heats the neutrino population close to its original tem-
perature (relative to photons) for sufficiently small ξ0χ.
This can be seen explicitly in Figs. 1 and 2. Note that
this cyclic behavior of ξν would not be possible if χ equi-
librated with the SM before neutrino-photon decoupling,
as equilibration and decoupling would effectively borrow
heat from the photon bath before pumping it into the
neutrino sector.
In Fig. 3, we show the viable parameter space as a func-
tion of ξ0χ and g
χ
∗ for the different temperature orderings
of Eq. (5). While a detailed simulation of nucleosynthesis
is beyond the scope of this work, we conservatively de-
mand that the maximum value of |∆Neff| obtained dur-
ing BBN does not exceed the observed value by more
than 2σ. The shaded regions denote parameters consis-
tent with observations, assuming that χ equilibrates with
the SM neutrinos after neutrino-photon decoupling. Also
shown are regions consistent with Neff ' 3.15± 0.23 and
Neff ' 3.3 ± 0.3, as derived from Planck data and its
combination with local measurements of H0 [33, 40, 41].
CMB-S4 observations will be sensitive to the entire pa-
rameter space shown.
In Fig. 3, we also highlight representative model points,
which correspond to a dark sector consisting of a DM
scalar or Majorana fermion, χ, coupled to a real scalar
mediator, ϕ, such that gχ∗ = 2 or g
χ
∗ = (7/8) × 2 + 1 =
2.75, respectively. For concreteness, we will take our DM
candidate, χ, to be a Majorana fermion. Note that if
χ was initially in thermal contact with the SM bath
through the exchange of a heavy mediator, but decoupled
above the electroweak scale, then conservation of comov-
ing entropy dictates that ξ0χ ' (10.75/106.75)1/3 ' 0.5.
This is a viable model of thermal DM if the mediator also
couples to the SM neutrinos, ν, allowing the dark sector
to re-enter equilibrium with the SM below T ν dec.
The low-energy effective Lagrangian is given by
L ⊃ ϕ (λχ χ2 + λν ν2)+ h.c. , (7)
where χ and ν are two-component Weyl fermions and a
sum over neutrino flavors is implied. We take mχ > mϕ,
such that χ freezes out through annihilations into pairs
of ϕ particles, χχ→ ϕϕ, after which ϕ promptly decays
into pairs of SM neutrinos.3 The rate for the annihila-
3 Direct annihilations into neutrinos (χχ → ϕ → νν) are also
viable, but require tuning mϕ ∼ 2mχ.
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FIG. 4: The viable parameter space of our toy model. The
DM-mediator coupling, λχ, is fixed to generate the correct
abundance of χ, while the neutrino-mediator coupling, λν ,
(dotted grey) is chosen such that the DM sector thermalizes
with SM neutrinos while relativistic. Measurements of Neff
during nucleosynthesis and recombination exclude DM masses
between several hundred keV and an MeV (green). Also
shown are regions excluded by DM self-scattering in galaxy
clusters (orange) and free-streaming of warm DM (red).
tion process is p-wave suppressed by the relative χ ve-
locity in the non-relativistic limit. Since this deposits a
negligible amount of energy into the photon plasma at
the time of recombination, there are no relevant limits
derived from observations of CMB anisotropies [33]. The
neutrino-ϕ coupling, λν , can arise from higher-scale in-
teractions with right-handed neutrinos, N . For instance,
in the standard seesaw mechanism, an interaction of the
form ϕN2 naturally generates a SM neutrino coupling,
λν ∼ mν/mN , after electroweak symmetry breaking [42–
46]. Such interactions also arise in Majoron models of
neutrino masses [47–52]. Direct couplings to electrons
are generated at one loop, but they are strongly sup-
pressed by ∼ (g22mem2ν)/(16pi2m2WmN ).
In this model, various processes can establish kinetic
equilibrium between the DM and SM sectors. Examples
include elastic scattering between χ and ν through ϕ ex-
change, and decays and inverse-decays of ϕ into pairs
of SM neutrinos [53]. We find that as long as χ and
ϕ are chemically coupled, the latter process, ϕ ↔ νν,
dominates kinetic equilibration between the DM and the
neutrino bath since it is suppressed by fewer powers of
small couplings.
In Fig. 4, we illustrate the viable parameter space of
the representative toy model as a function of the DM
mass, mχ, and mass ratio, mχ/mϕ, for ξ
0
χ . 0.5 (cor-
responding to the Planck bound in Fig. 3). For each
value of mχ and mϕ, the coupling λχ is fixed to gener-
ate an abundance of χ that is in agreement with the ob-
served DM energy density. In the limit that mχ/mϕ  1,
this requires λχ ∼ 10−5 × (mχ/keV)1/2. We also de-
5mand that the DM sector equilibrates with the SM neu-
trinos while relativistic. This is accomplished by fix-
ing λν such that the rate for ϕ ↔ νν overcomes the
Hubble parameter at Tχ eq ' 3mχ/ξeqχ , corresponding to
λν ∼ 10−11×(mχ/mϕ)(mχ/keV)1/2. General constraints
on Neff during nucleosynthesis and recombination are
only relevant for Tχ eq & T ν dec and hence exclude
sub-MeV DM masses greater than ∼ (2ξeqχ /3) MeV '
400 keV. As shown in previous studies, thermal DM
heavier than several MeV is also viable as it is sufficiently
non-relativistic at the time of neutrino decoupling [8–15].
For mχ & 100 keV and mχ/mϕ . 10, χ and ϕ become
non-relativistic at the tail-end of nucleosynthesis. Pend-
ing a detailed simulation of the light nuclei abundances,
Fig. 3 suggests that these masses are possibly in slight
disagreement with the predictions of BBN. If χ is instead
a real scalar boson, any possible tension is completely al-
leviated, while the general phenomenological picture in
Fig. 4 remains qualitatively unchanged. We also note
that while the parameter space shown is consistent with
existing cosmological observations for ξ0χ . 0.5, it will be
decisively tested by CMB-S4 experiments [35].
Also shown in Fig. 4 are constraints from consid-
erations of warm DM. Once χ decouples from ϕ, it
freely diffuses and suppresses matter perturbations be-
low the free-streaming length, λfs. Limits derived from
observations of the Lyman-α forest imply that λfs .
O(1) Mpc [54, 55]. Such studies generally assume that
DM has decoupled from the SM bath at early times,
in which case λfs ' 1.2 Mpc × (mDM/keV)−1 [56]. We
translate the 2σ lower bound on the warm DM mass
from Ref. [54], m
DM
& 3.3 keV, into the upper bound
λfs . 0.36 Mpc. We then compare this to the calculated
value of the free-streaming length in our model, assuming
that χ begins diffusing once the rate for χϕ ↔ χϕ falls
below the Hubble expansion rate. Observations of the
21-cm hydrogen line during the cosmic dark ages could
potentially improve the limits on λfs and mχ by an order
of magnitude [57–59].
DM self-scattering, χχ → χχ, via ϕ exchange, is con-
strained by studies of merging galaxy clusters. Following
the discussion in Refs. [60, 61], we calculate the trans-
fer scattering cross-section per DM mass, σT /mχ, at the
relevant virial velocities for galaxy clusters and demand
that this does not exceed 1 cm2/g. As seen in Fig. 4, this
excludes values of mχ/mϕ & O(10) − O(100) for mχ ∼
O(10) keV − O(100) keV, respectively. Additional cos-
mological and astrophysical constraints include modifica-
tions of the CMB from neutrino self-interactions [62, 63],
diffusion-damped oscillations in the matter power spec-
trum from DM-neutrino scattering [64–72], and super-
novae cooling [73–76]. We find that these limits are
negligible compared to the DM free-streaming and self-
scattering constraints presented above.
If the mediator-neutrino coupling is generated from in-
teractions with right-handed sterile neutrinos, N , then
at low-energies λν ∼ mν/mN . Therefore, for SM neu-
trino masses at the level of mν ∼ 0.1 eV, the values of
λν favored in Fig. 4 motivate sterile neutrinos near the
GeV scale. It is intriguing to note that future direct
searches for sterile neutrinos, such as the proposed SHiP
experiment, could have sensitivity to couplings as small
as λν ∼ 10−10 [77].
The minimal model presented above opens the cos-
mological window for sub-MeV thermal relics, but it
does not give rise to detectable signals at proposed low-
threshold direct detection experiments [24–27]. How-
ever, simple scenarios that build upon our mechanism are
within the projected reach of these technologies. For in-
stance, interactions between DM and hadrons are present
at low-energies if ϕ also couples to a heavy generation
of vector-like quarks, as in Ref. [78]. As a result, ϕ
can be produced in supernovae, but leaves their cool-
ing rates unchanged if it becomes trapped, implying a
lower bound on the ϕ-nucleon coupling, λn & 10−7. In
the early universe, DM can equilibrate with the neutrino
or photon bath as described in our minimal model. The
nucleon coupling does not equilibrate the DM and SM
sectors before neutrino-photon decoupling provided that
λn . 10−5 and the reheat temperature of the universe is
TRH ∼ 10 MeV. Furthermore, for nucleon couplings of
this size and mχ ∼ 100 keV, the DM-nucleon elastic scat-
tering cross-section is ∼ 10−40 cm2, which is well within
the projected reach of proposed experiments [79].
In this Letter, we have considered a class of models
in which sub-MeV thermal DM equilibrates with the SM
neutrino bath after neutrino-photon decoupling. Dark
sector equilibration and decoupling cools and reheats the
neutrino sector close to its original temperature. Con-
straints derived from measurements of the effective num-
ber of neutrino species at the time of nucleosynthesis and
recombination are significantly alleviated. While we have
explicitly focused on DM, this mechanism could be more
generally applied to any light thermal relics [16–18], such
as those in Ref. [80]. Contrary to the standard lore,
DM that acquires its abundance through thermal con-
tact with the SM is viable for masses ranging from a keV
to an MeV.
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